In Saccharomyces cerevisiae, there are two isoenzymes of fumarate reductase (FRDS1 and FRDS2), encoded by the FRDS and OSM1 genes, respectively. Simultaneous disruption of these two genes results in a growth defect of the yeast under anaerobic conditions, while disruption of the OSM1 gene causes slow growth. However, the metabolic role of these isoenzymes has been unclear until now. In the present study, we found that the anaerobic growth of the strain disrupted for both the FRDS and OSM1 genes was fully restored by adding the oxidized form of methylene blue or phenazine methosulfate, which non-enzymatically oxidize cellular NADH to NAD þ . When methylene blue was added at growth-limiting concentrations, growth was completely arrested after exhaustion of oxidized methylene blue. In the double-disrupted strain, the accumulation of succinate in the supernatant was markedly decreased during anaerobic growth in the presence of methylene blue. These results suggest that fumarate reductase isoenzymes are required for the reoxidation of intracellular NADH under anaerobic conditions, but not aerobic conditions.
Introduction
Soluble fumarate reductase from yeast irreversibly catalyzes the conversion of fumarate to succinate and requires FADH 2 , FMNH 2 , reduced ribo£avin, or reduced forms of some leuco-pigments as electron donors [1^3] . Fumarate reductase is a soluble enzyme containing one molecule of non-covalently bound FAD per molecule of protein. The yeast Saccharomyces cerevisiae is known to contain two isoenzymes of fumarate reductase [4] . One of them is FRDS1, located in the cytosol and encoded by the FRDS gene on chromosome V [4, 5] . The other is FRDS2, located in the promitochondria and encoded by the OSM1 gene on chromosome X [4] . The properties of these isoenzymes are quite distinct from those found in Escherichia coli [6, 7] and Vibrio succinogenes [8] , which are membrane-bound enzymes having a low level of succinate oxidation activity and covalently bound FAD.
Recently, we constructed disruptants of the FRDS and OSM1 genes [9, 10] . The OSM1 disruptant (DOSM) grew more slowly than DBY747 under anaerobic conditions, and the disruptant of both the FRDS and OSM1 genes (DFRDOSM) failed to grow at all. On the other hand, these disruptants have the ability to grow under aerobic conditions. These facts indicate that fumarate reductase isoenzymes are essential for anaerobiosis. During anaerobic growth of S. cerevisiae, energy is derived exclusively from substrate-level phosphorylation in glycolysis. In such cells, the reoxidation of NADH formed during glycolysis does not occur through the respiratory chain that transfers the reducing equivalents to oxygen. Therefore, maintaining a redox balance is important for continuous operation of the catabolic reaction during anaerobiosis. The soluble fumarate reductase from yeast requires FADH 2 , FMNH 2 or reduced ribo£avin as an electron donor. The reduced equivalents of the reduced £avin nucleotides are probably supplied by NADH. In the present paper, we examined the e¡ect of arti¢cial electron acceptors, which oxidize non-enzymatically cellular NADH to NAD þ , on anaerobic growth of cells containing deletion mutations in fumarate reductase. We found that the addition of oxidized forms of methylene blue or phenazine methosulfate overcame the inhibition of anaerobic growth of the disruptant of both the FRDS and OSM1 genes. From the above results we concluded that both fumarate reductases participate in the reoxidation of NADH generated by anaerobic metabolism.
Materials and methods

Strains
The S. cerevisiae strains used in this study are listed in Table 1 .
Media and growth conditions
The disruptants of fumarate reductase genes were cultured in a chemically de¢ned medium, which contained 0.125% yeast nitrogen base (without amino acids and ammonium sulfate) (Difco), 5% glucose, 1.25% ammonium sulfate, and appropriate amounts of required amino acids. Strain DSDHH was grown in YPD medium containing 2% bactopeptone, 1% yeast extract, and 4% glucose. For anaerobic cultivation, ergosterol (0.025 g l 31 ) and Tween 80 (1.05 g l 31 ) were added to the medium. Other conditions of cultivation were as described previously [2] . To prepare agar plates, 1.5% Difco bacto agar was added to the de¢ned medium. The agar plates were incubated at 30 ‡C using AnaerobicAnaero Pack for Cell (Mitsubishi Gas Chemical, Japan) in an anaerobic chamber.
Assays of cell growth and oxidized methylene blue
The concentration of oxidized methylene blue in the supernatant obtained after centrifugation of culture and cell growth was determined by measuring absorbance at 600 nm and 660 nm, respectively, using a spectrophotometer V-520 (Jasco, Japan).
Determination of succinate in culture broth
The cultures collected during the exponential growth phase and stationary phase were centrifuged at 4000Ug for 20 min at 4 ‡C. The resulting supernatant was used to determine succinate levels. Succinate was assayed using an HPLC organic acid analysis system (Jasco, Japan).
Fractionation of mitochondria
Strain DSDHH was grown aerobically as described above. Mitochondria were prepared and fractionated as described previously [11, 12] . The purity of the obtained fraction was judged from the activity of marker enzymes. The enzymatic activity was assayed for myokinase [13] , citrate synthase [14] , malate dehydrogenase [15] , cytochrome c oxidase [16] , and kynurenine hydroxylase [17] . Fumarate reductase activity was assayed as described previously [2] . Protein was assayed according to the method of Bradford [18] using a commercial kit (Pierce) with bovine albumin as a standard.
Chemicals
Methylene blue was purchased from Kanto Chemical Co., Inc; phenazine methosulfate from Sigma ; and luciferase and NAD(P)H:FMN oxidoreductase from Roche Diagnostics GmbH. All other chemicals were of reagent grade.
Results and discussion
Under anaerobic conditions, strain DFRDOSM, which was simultaneously disrupted for both the FRDS and OSM1 genes, did not grow in the chemically de¢ned agar medium (Fig. 1B) . Under such conditions, strain DOSM deleted for the OSM1 gene grew poorly, while strain DFRDS deleted for the FRDS gene as well as the wild-type strain DBY747 grew well (B). These results are consistent with those of previous studies using a YPD medium consisting of rich nutrients [9] . The addition of 2 mM methylene blue (C) or 5 mM phenazine methosulfate (D) to the agar medium fully restored anaerobic growth of strain DFRDOSM. Under aerobic cultivation, strain DBY747 and all the disruptants of fumarate reductase genes grew in the agar medium without any electron acceptors (A) or with 2 mM methylene blue or 5 mM phenazine methosulfate (data not shown).
Strain DFRDOSM was anaerobically cultured in the chemically de¢ned liquid medium containing various concentrations of methylene blue. In the presence of 0.01 mM and 0.04 mM methylene blue, DFRDOSM grew exponentially until the oxidized methylene blue was completely exhausted (40 h); thereafter, the cell density was maintained at constant levels until 70 h (Fig. 2) . The maximum cell density depended on the concentration of methylene blue added. However, the cell density was not proportional to the concentration of methylene blue. It is known that the arti¢cial electron acceptor methylene blue, oxidizes cellular NADH to NAD þ [19] . Phenazine methosulfate also oxidizes NADH to NAD þ in vitro and is used as a redox indicator for detection of the dehydrogenase reaction. Accordingly, fumarate reductase isoenzymes FRDS1 and FRDS2 allow for reoxidation of cellular NADH generated by anaerobic metabolism. Strains DBY747, DFRDS, DOSM, and DFRDOSM were anaerobically cultured in chemically de¢ned liquid medium with or without 0.08 mM methylene blue. The culture was withdrawn at 70 h in the stationary phase. In all the cultivations, the oxidized methylene blue was completely exhausted at 70 h. The concentration of succinate in the supernatant was determined and expressed as mmol l 31 .
The production of succinate by fumarate reductase disruptants during anaerobic growth in the presence or absence of methylene blue was studied. In the stationary phase, succinate production by strain DFRDOSM was markedly decreased, corresponding to 21% of that of strain DBY747 (Table 2) . However, the production in strains DFRDS and DOSM was unchanged from that in the DBY747 strain. These results indicate that, under anaerobic conditions, succinate is produced by the joint activity of the two fumarate reductase isoenzymes, FRDS1 and FRDS2.
The metabolism of S. cerevisiae as well as other eukaryotic cells cannot be understood without considering metabolic compartmentalization. FRDS2 and FRDS1 are known to exist in promitochondria and in the cytosol, respectively [4] . We further studied the detailed distribution of FRDS2 in mitochondria obtained from aerobically grown cells. We did not use anaerobically grown cells possessing mitochondria-like particles, which have been designated promitochondria [20] . The reason for this is that promitochondria lack respiratory enzymes used as markers of fractionation [20] . To avoid interference by mitochondrial succinate dehydrogenase, which catalyzes not only the succinate oxidation but also the fumarate reduction, strain DSDHH deleted for the SDH1 gene encoding the £avoprotein subunit of succinate dehydrogenase [21] was utilized for determining the localization of FRDS2. Mitochondria were fractionated into three fractions: membrane (inner and outer membranes), intermembrane space, and matrix. The activities of fumarate reductase and marker enzymes in each fraction were determined. As shown in Fig. 3 , a large portion of fumarate reductase activity was located in the matrix of the mitochondria.
Since mitochondria are not permeable to pyridine nucleotides, including NADH, some device must exist to allow for the reoxidation of the reduced nucleotides in the compartment where they are generated. In aerobically Fig. 2 . The e¡ects of various concentrations of oxidized methylene blue on anaerobic growth of strain DFRDOSM. Strain DFRDOSM was cultured at 30 ‡C in chemically de¢ned liquid medium with 0 mM (E), 0.01 mM (O), 0.04 mM (U) and 0.08 mM (a) of methylene blue. Cell density (A) during cultivation was determined by measuring absorbance at 660 nm. The concentration of oxidized methylene blue (B) was determined by measuring absorbance at 600 nm. grown cells, the excess NADH produced in the assimilation process can be reoxidized by mitochondrial respiration. However, under anaerobic conditions, respiration is inoperative. In anaerobic growth, a method for continuously regenerating the NAD þ needed for glycolysis is required, because the cellular pool of pyridine nucleotide coenzymes is limited. In the glycolytic pathway, the reduction of NAD þ in the glyceraldehyde-3-phosphate dehydrogenase reaction is stoichiometrically linked to the oxidation of NADH in the alcohol dehydrogenase reaction. Therefore, ethanol formation cannot account for the reoxidation of assimilatory NADH. Several reaction processes can perform this role of regenerating NAD þ . As described previously, promitochondria lack an integrated electron transfer chain, a functional oxidative phosphorylation system, and several respiratory enzymes [20] . In such cells, therefore, the citrate cycle does not appear to proceed in a cyclic manner. Nissen et al. [22] showed that a large part of the mitochondrial NADH is produced from the synthesis of 2-oxoglutarate, which is a precursor of glutamate. In the present study, we found that the inhibition of the anaerobic growth of the strain disrupted for both the FRDS and OSM1 genes was overcome by adding the oxidized form of methylene blue or phenazine methosulfate, which non-enzymatically oxidize cellular NADH to NAD þ . We conclude that in anaerobically grown cells, FRDS2 in the promitochondria matrix and FRDS1 in the cytosol are involved in the reoxidation of excess NADH in each compartment.
Soluble fumarate reductase from yeast requires FADH 2 and FMNH 2 , but not NADH, as electron donors for fumarate reduction. Thus, the enzyme catalyzing the conversion of the oxidized £avin nucleotides by NADH to the reduced forms is required for the reoxidation of NADH by fumarate reductase. At the present time, the enzyme in S. cerevisiae possessing such characteristics remains to be identi¢ed.
Other ways to maintain the redox balance during anaerobiosis are known in S. cerevisiae. Cytosolic GPD2, which is one of the glycerol-3-phosphate dehydrogenase isoenzymes, is important for the reoxidation of the cytosolic NADH that migrates from mitochondria [23] . Under anaerobic conditions, a GPD2-deleted mutant grows more slowly and accumulates less glycerol than the wild-type strain. Also, mitochondrial ADH3, one of the alcohol dehydrogenases, may play a key role in the reoxidation of NADH in anaerobically grown cells [24, 25] . The anaerobic growth of the ADH3-deletion mutant was slower than that of the wild strain. The ethanol produced in mitochondria by ADH3 would be expected to di¡use into the cytosol, resulting in the transport of excess intramitochondrial NADH to the cytosol [26] . Fumarate reductase, glycerol-3-phosphate dehydrogenase, and alcohol dehydrogenase may cooperatively function in maintaining the redox balance during anaerobiosis.
